Abstract A simplistic quantitative microbial risk assessment (QMRA) based on the maximum risk curve (r = 1) was developed for Legionella within a water distribution system. Both biofilms and a thermophilic isolate of acanthamoebae were shown to increase the resistance of Legionella to conventional thermal disinfection by between one and two logs respectively. The level of risk presented to consumers was shown to exceed the USEPA 10 -4 benchmark in many cases tested. This was caused, in part, by the sensitivity of the risk model but also through a lack of reliable dose-response data for Legionella. Notwithstanding this, the current study provided comparative information on the efficacy of conventional disinfection against Legionella. Combined chlorine was shown to reduce the risk of infection by as much as 1-log when compared to free chlorine, although thermal disinfection provided the most effective means of risk reduction. Biofilm detachment and the interaction of Legionella with acanthamoebae were two important ecological factors that significantly increased the risk of legionellosis, and thus should be further considered in the refinement of QMRA models.
Introduction
Legionella pneumophila, the agent responsible for Legionnaires' disease, has been responsible for the deaths of countless number of individuals worldwide since its association with human illness was first established in 1976 (Fields et al., 2002) . The omnipresence of Legionella within water systems presents a potential health concern, particularly for immunocompromised persons, in both developing and industrialised nations. The primary aim of this study was, therefore, to present a simplistic quantitative microbial risk assessment (QMRA) for Legionella within water distribution systems.
QMRA can be used to describe the magnitude of risk that may arise from exposure to microbial pathogens, and is arrived at through a process of hazard identification, doseresponse assessment, exposure assessment and risk characterisation (Haas et al., 1993; Gerba et al., 1996) . The aim of QMRA is to establish whether the level of a potential health risk exceeds what has been considered tolerable in the general population (one additional infection/10,000 persons/annum) (Regli et al., 1991) . QMRA has been applied to a range of microbial pathogens in both potable and recycled waters (Haas et al., 1993; Storey and Ashbolt, 2003) . Whilst risk models have been developed for some of the opportunistic bacterial pathogens (Rusin et al., 1997) , a model that accurately describes Legionella within water distribution systems is currently lacking. Although Legionella bacteria are found ubiquitously in freshwater environments, most community-acquired and nosocomial illness can be attributed to their regrowth in man-made structures such as evaporative condensers and cooling towers (Kurtz et al., 1982; Breiman et al., 1990a) , whirlpool spas, respiratory therapy equipment, humidifiers and showers (Stout et al., 1982; Breiman et al., 1990b) .
A subsequent aim of this study was to investigate factors that may enhance Legionella transmissibility within man-made water systems and use this information in a simplistic QMRA. Four main "ecological" factors of Legionella that were identified included (a) their interaction with thermophilic amoebae, (b) accumulation within biofilms, (c) resistance to conventional disinfection and (d) detachment of biofilm. The role of amoebae in the growth and persistence of Legionella within the environment has been well documented, although quantitation of the human health significance of this remains unknown. Biofilms, on the other hand, create microenvironments that can accumulate pathogens, sequestering them from the effects of disinfection. Such biofilm-associated pathogens may then become detached from substrata and mobilised into the bulk water phase, where they have the ability to reach consumers, in the case of Legionella, through the inhalation of aerosols.
Materials and methods

Legionella detachment and disinfection
Legionella detachment and disinfection data for planktonic Legionella as well as sessile (biofilm-bound) and protozoa-bound Legionella were generated in a parallel study (Storey et al., 2003) . For biofilm detachment, natural potable water biofilms were propagated on stainless steel (SS) and unplasticised polyvinyl chloride (uPVC) coupons at 36 ± 1°C within annular reactors (Biofilm Reactors, BR™; Storey and Ashbolt, 2002 ) over a period of eight weeks. Each BR™ was fed tapwater enriched with Legionella erythra (10 4 CFU/mL), used here as a model for L. pneumophila, both in the presence and absence of Acanthamoeba castellanii (10 3 /mL). A range of "detachment events" was simulated within each BR™ with hydraulic conditions generated at the laminar (Re = 1,000) and turbulent (Re = 5,000) range, and a transitory phase between the two (Re = 3,000). Coupons were exposed to each hydraulic regime for 1 min, after which time the numbers of sessile and planktonic (detached) Legionella were assayed using standard culture techniques (BCYE agar, 36 ± 1°C, <10 d). For disinfection studies, L. pneumophila preparations were exposed to thermal and chemical (free and combined chlorine) regimes ranging from 50 to 80°C and 1-10 mg/L respectively. Samples were taken at intervals of 0, 10, 30 and 60 min from each treatment and Legionella numbers enumerated. For sessile Legionella disinfection studies, potable water biofilms were formed within each BR™ and coupons disinfected regimes as above, with a contact time of 10 min.
Quantitative microbial risk assessment (QMRA)
The four-step process previously described was used in the development of the QMRA model. The reported incidence of legionellosis in the Greater Stockholm Area since 1997 has been, on average, one clinical illness/100,000 persons/year (Smittskyddsinstitutet, 2003) although this is likely to be much greater, given the under-reported and under-diagnosed nature of the disease (Ruef, 1998) .
A more representative incidence, based on seroprevalence data of atypical pneumonia within the general community, is at least one order greater in magnitude (Szewzyk and Stenström, 1994). For the QMRA, a log-normal distribution of human exposure to aerosols was calculated based on the normal adult respiratory rate of 20 m 3 /d. Assuming mean peak aerosol concentrations (0.1-10.0 µm fraction) generated by a shower, an average person would inhale 414 ± 258 µg/m 3 (Xu and Weisel, 2003) or approximately 57.5 ± 35.8 µL over the course of 10 min (Table 1) . L. pneumophila was tested over a number of densities within biofilms, with a triangular distribution prepared with values ranging from 10 2 to 10 6 CFU/cm 2 weighted around a median concentration of 10 3 CFU/cm 2 (Table 1) . A range of biofilm sloughing events, with discrete values obtained in biofilm detachment studies (Table 2) (Storey et al., 2004) , was used in the QMRA, as was the efficacy of thermal and chemical disinfection against planktonic and sessile Legionella (Table 2) . Furthermore, it was assumed that Legionella were ubiquitously present and uniformly distributed within both biofilms and the bulk water, and thus proportionately distributed within aerosols.
There are limited data available for dose-response for exposure to Legionella, although values of 10 (Ford, 1999) and <129 (Berendt et al., 1980) infectious units have been proposed. In a worst-case scenario, such as that which could be encountered by immunocompromised individuals in a hospital environment, the assumption that clinical illness arises from exposure to one infectious unit was made in this study. Such "maximum risk" models challenge traditional models such as the β-Poisson by assuming that each exposure that an individual has to a microbial pathogen will result in infection (Teunis and Havelaar, 2000) . This may, in part, address the absence of reliable dose-response data for Legionella as well as the susceptibility of immunocompromised sub-populations to legionellosis. In the maximum risk curve, the probability of infection (P inf ) resulting from the inhalation of a certain number of organisms (D) is calculated by
where r = 1 (Teunis and Havelaar, 2000) . The annual risk of infection was subsequently calculated by
where n = 365 (Haas et al., 1993) . The model was simulated with Monte Carlo techniques (with 10,000 iterations) using @Risk software (V4.5, Palisade Corporation, New York).
Results and discussion
Thermal disinfection resulted in an almost 3-log reduction of planktonic L. pneumophila after 10 min at 60°C (Table 2 ), increasing to 6-logs after one hour. Corresponding values of 4.4-log and 8-log reductions were obtained at 70°C after 10 min and 60 min, respectively, increasing to >8-log at 80°C after 10 min. The co-culture of Legionella with thermophilic A. castellanii decreased these reduction rates by 1-2 logs. Furthermore, the interaction of Legionella with biofilms, both in the presence and absence of A. castellanii, decreased their reduction a further 1-2 logs. Free chlorine at 1 mg/L gave a 0.6-log reduction of Legionella after 10 min (Table 2) increasing to 1.5-log after 1 h. Corresponding values of 0.5-log and 2.5-log were obtained for combined chlorine (monochloramine). Free chlorine at 5 mg/L gave a 2.8-log and 3.2-log reduction of Legionella after 10 min and 60 min compared with combined chlorine, giving 3.9-log and 4.1-log reductions over corresponding periods of time.
The interaction of Legionella with biofilms and A. castellanii was, furthermore, shown to increase their resistance to both free and combined chlorine disinfection by between 1-log and 2-log, respectively. Detachment trials demonstrated the removal of approximately 10%, 50% and 90% of biofilm-associated Legionella during laminar, laminar/turbulent and turbulent conditions, respectively, and these values were subsequently used in the QMRA.
Using a triangular distribution (10 3 Legionella/cm 2 ) and a log-normal distribution of water inhaled (57.5 ± 35.8 µL), the treatment of water to 80°C for 10 min reduced the level of risk of planktonic and A. castellanii and biofilm-bound Legionella to within USEPA benchmark values (<10 -4 ) (Figure 1 ). Using similar input parameters, the interaction of Legionella with both A. castellanii and biofilms meant that risk values exceeded USEPA guidelines in all systems at temperatures <70°C (Figure 1) . Combined chlorine was a better disinfectant than free chlorine at higher concentrations (5-10 mg/L) ( Table 1) as well as against sessile and acanthamoebae-bound Legionella, in most cases reducing the level of risk of infection by a further order of magnitude. This finding lent further weight to a prior study implicating hospital water systems disinfected by free chlorine alone being 10× more likely to experience an outbreak of Legionnaires' disease than those disinfected by combined chlorine (Kool et al., 1999) . The presence of 100 Legionella/cm 2 of biofilm in the Table 2 Log reduction of culturable planktonic L. pneumophila exposed to thermal and chemical (free and combined chlorine) disinfection (contact time 10 min) absence of disinfection during a 10% sloughing event was shown to present a P inf of 0.18 and an annual risk of 1.0 for the inhalation of 50 µL of water exceeding the USEPA benchmark of 10 -4 (or 1 infection/10,000 persons) (Regli et al., 1991) . Retrospectively, the maximum number of Legionella present within biofilms (during a 10% sloughing event and the inhalation of 50 µL of water) that met USEPA guidelines was 0.05/cm 2 , a >3-log reduction.
Given this value, and the incidence of legionellosis in Sweden, it was apparent that the maximum risk model may have been too sensitive to accurately describe Legionella within a water distribution system, overestimating the risk by 1-2 orders of magnitude (Danish Environmental Protection Agency, 2003) although probably more. In fact, most scenarios tested in the current study exceeded USEPA benchmark values, although this finding highlighted the complexity of Legionella growth within water distribution systems and its often anomalous relationship to human illness. High numbers of legionellae in many hospital water systems rarely correlate with incidences of legionellosis (Ruef, 1998) . Notwithstanding this, there was merit in using a maximum risk model, given the often under-reported and under-diagnosed nature of legionellosis, as well as the applicability of a maximum risk model to account for immunocompromised persons. Nosocomial infection is thought to be responsible for approximately one quarter of total legionellosis, with mortality rates of hospital-acquired infection being double that of community-acquired legionellosis (Ruef, 1998) . Ignoring absolute risk values obtained in this study therefore, much information can be gathered from a comparison in risk outputs and the effects of alternative disinfection methods on the risk reduction of Legionella within water systems.
Conclusions
Whilst it is inherently difficult to estimate the level of risk presented to consumers by Legionella and other opportunistic pathogens, given the lack of key dose-response and exposure assessment data (Rusin et al., 1997) , the simplistic QMRA presented here has provided comparative information on the risk presented by Legionella within a water distribution system. In doing so, the current study has highlighted the interaction of Legionella with thermophilic amoebae, their accumulation within biofilms, resistance to conventional disinfection and detachment from biofilm as important "ecological" factors potentially heightening the level of risk presented to the general population. Furthermore, the findings of this study provided information currently required for improved water treatment and distribution strategies as well as for the further refinement of current QMRA models.
